Abstract-The design and fabrication metal-insulatormetal (MIM) diodes using an ultrathin organic insulator are presented. The insulating layer was found to be compact, highly conformal, and uniform, effectively overcoming the main design challenge in MIM diodes. The diodes have strong nonlinear current-voltage characteristics with a typical zero-bias curvature coefficient of 5.4 V −1 and a voltage responsivity of 1.9 kV/W at a frequency of 1 GHz. The fabrication of the diodes only requires only low-temperature processing, which is cost effective, and can potentially be ported to large-area roll-to-roll manufacturing.
I. INTRODUCTION
M ETAL-INSULATOR-METAL (MIM) diodes have attracted much attention in recent years because of the possibility of operating at very high frequencies (HFs), well into the terahertz range, a promise first highlighted over 30 years ago [1] , [2] . The MIM diode is a quantum device wherein a thin dielectric is sandwiched between two metal electrodes with dissimilar work functions, which cause an asymmetric electric current to flow through the dielectric with respect to the polarity of the electrodes. The asymmetry at zero bias can be further increased by maximizing the work function difference between the two electrodes [3] . This increases the possibility for the diode to operate without the need for an externally applied bias, making it a useful component in a wide range of applications, including radio-frequency identification tags, thermal-energy harvesting, and HF detectors and mixers [4] - [6] .
The fabrication of MIM diodes has been reported in the literature using several fabrication techniques [7] - [10] . In this paper, the device has been fabricated using a low-cost technique where the dielectric layer consists of octadecyltrichlorosilane (OTS), an amphiphilic molecule consisting of an alkyl chain and a polar head group, commonly used to functionalize the surface of silicon dioxide (SiO 2 ). Its thickness is essentially determined by the length of the alkyl chain, rather than process conditions, with a typical value of approximately 2 nm [11] , [12] . An OTS layer was sandwiched between titanium and platinum, which have a work function difference of 1.4 eV thereby resulting in a strong nonlinear current-voltage (J -V ) characteristic.
II. FABRICATION

A. OTS Solution Preparation and Deposition
An OTS/hexane solution (1 part of OTS in 2000 parts of hexane by volume) was prepared in a beaker and sonicated for 25 min to aid uniformity. A layer of titanium with a nominal thickness of 25 nm, deposited onto a borosilicate glass substrate by e-beam evaporation, was immersed in the OTS/hexane solution and left for 1 h without stirring, after which it was removed and immediately dipped in hexane and sonicated for a further 15 min in order to remove any unwanted polymerized OTS particles that may have adhered to the titanium surface. The substrate was then baked for 30 min at 90°C to complete the OTS polymerization and to remove any residual solvent.
As it can be seen in Fig. 1(a) prior to OTS deposition, the surface of the titanium film as deposited is hydrophilic, indicating the presence of OH groups, with a contact angle θ = 10°. After OTS deposition, a film is formed on the titanium surface, making it highly hydrophobic with a contact angle θ = 105°, as shown in Fig. 1(b) , which is typical for an OTS covered surface [11] , [13] . Atomic-force microscopy showed no significant difference in the surface roughness of 0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the titanium surface before and after OTS deposition. This is to be expected due to the nanometer scale thickness of the OTS layer. Control samples fabricated without the OTS layers resulted in short circuits, confirming the insulating properties of OTS. Fig. 2 (not drawn to scale) shows the basic fabrication process. A bilayer of approximately 25 nm of titanium coated with 100 nm of gold was deposited by e-beam evaporation and liftoff [ Fig. 2(a) ]. After a further photolithographic step, gold was removed by an iodine/iodide wet etching, leaving small regions of titanium exposed [ Fig. 2(b) and (c)]. After removing the photoresist [ Fig. 2(d) ], the exposed titanium was coated with OTS [ Fig. 2 (e)] using techniques as described above. After a further photolithographic step [ Fig. 2(f) ], a thin layer of platinum with a nominal thickness of 40 nm was evaporated on the sample and lifted off in the unexposed regions, resulting in the definition of small Ti/OTS/Pt junctions [ Fig. 2 (g) and (h)]. Other metals, Ti, Ni, and Cr, were also tested for the top electrode to confirm the dependence on the metal work function difference. As expected, Ti/OTS/Ti structures resulted in a symmetric J -V characteristic, while Ti/OTS/Pt structures, with the highest workfunction difference, provided the highest curvature coefficient. The addition of leads and bonding pads concludes the MIM diode fabrication. A sketch of the device cross section and a scanning electron microscopy (SEM) image of a fabricated device can be seen in the inset of Fig. 3 , where the OTS layer is sandwiched between the two metal layers at the crossover of two arms, which defines the MIM junction. The nominal feature size of the fabricated diode junction is 2 μm × 2 μm. This process can also be used in the fabrication of MIM diodes on a flexible plastic substrate [14] since only low temperatures are required.
B. Ti/OTS/Pt Diode Process
III. ELECTRICAL MEASUREMENTS
A. DC Measurement
The diodes were electrically characterized under quasi-static conditions using a parameter analyzer. The voltage range was kept within ±0.2 V in order to avoid damaging the diode junctions, as they were found to have an irreversible breakdown voltage of ±0.35 V, which is likely due to the formation of conductive paths with defects present in the OTS film. Nevertheless, this value is comparable to other MIM structures that use a metal oxide as the insulating layer [3] . A typical J -V characteristic is plotted in Fig. 3 , showing a strong nonlinearity at zero bias (i.e., V = 0 V). The zero-bias curvature coefficient (γ ZB ), defined as
was consistently found to be approximately 5.4 V −1 . While this value is relatively small compared with traditional GaAs Schottky rectifiers, it is a highly competitive value compared with those available in the MIM diode literature [15] .
B. High Frequency AC Measurement
Characterization at HFs, from 1 to 3 GHz, was carried out on the diodes using a vector network analyzer (VNA). The rectified output voltage was measured for HF powers in the range −47 to −37 dBm. To enable HF testing, ten diodes were embedded within a coplanar waveguides with a characteristic impedance of 50 , matched to the characteristic impedance of the probes, thus minimizing unwanted reflections from the layout as well as reducing radiation losses. Fig. 4(a) shows the typical rectified output voltage of the diode as a function of the HF power injected into the coplanar waveguide at a frequency of 1 GHz, while Fig. 4(b) shows how the voltage rectified by the diode changes as a function of the operating frequency with a constant input HF power of approximately 100 nW (−40 dBm). All measurements were carried at room temperature, and the input HF power was compensated at different frequencies to account for the measured losses in the cables, probes, and coplanar waveguides. The diode voltage responsivity R V is defined as [17] 
where V OUT is the dc voltage rectified by the diode and P HF is HF power injected by the VNA into the coplanar waveguide. Its value was determined by a linear fitting of the rectified output voltage as a function of the input HF power, as shown in Fig. 4(a) , and had an absolute value of approximately 1.9 kV/W at a frequency of 1 GHz, comparable to state-ofthe-art Schottky-diode detectors [18] . The frequency response of the diode, measured up to 3 GHz, is shown in Fig. 4(b) ; it exhibits a typical first-order dependence for frequencies, which can be fit by [16] 
where V DO is the magnitude of the voltage rectified by the diode, V 0 is the amplitude of the HF input voltage, f is the frequency, and f C is the −3-dB cutoff frequency typical of a first-order system. As the zero-bias resistance of the diode is much larger than a 50-source resistance, it can be neglected in (3). In order to determine which parameters influence the diode response, we assumed that the diode embedded in the coplanar waveguide could be described by the simple detection circuit shown in Fig. 5(a) . The values of the components, capacitors and resistors, were determined by measuring the reflection coefficient of the whole structure s 11 as a function of the frequency using the VNA and converting it into the input impedance Z IN using [19] 
where Z 0 = 50 is the characteristic impedance of the microwave probes and VNA ports. The real and imaginary parts of Z IN as a function of the frequency are plotted in Fig. 5(b) . The numerical fitting of both curves for frequencies above 0.5 GHz resulted in a series resistance R S = 32 and a parallel capacitance C P = 3.1 pF. The series resistance R S is a result of the thin metal layer used for the coplanar waveguide (approximately 200 nm of gold) and of the platinum and titanium diode terminals. The parallel capacitance was much higher than expected from the parallelplate capacitors associated with the diode junction, and it is ascribed to the fringe effect of the diode leads. This was confirmed by performing electromagnetic simulations of the whole structure (using Agilent Advance Design System) in the frequency range 100 MHz-3 GHz, which is in agreement with the measured data. The resistance of the ten MIM junctions (typically of the order of tens of kiloohms) was accounted for by adding lumped resistors in the simulations in order to correctly fit the lower frequency region. A comparison between the simulated input impedance and Z IN is shown in Fig. 5(b) . Also the accuracy of the simulated impedance suffered from some uncertainty in the OTS dielectric constant ε r ; a value of ε r = 3 was assumed throughout the investigations [20] .
No attempt was made in this work to match the impedance of the diode to that of the source to avoid the introduction of further unknowns in the experimental setup. Both narrow-and wide-band matching networks are, however, being developed to improve the responsivity and power conversion at specific frequency bands. More complex models are also under investigation to fully describe the diodes at much higher frequencies. The emphasis is both on diodes embedded into a coplanar waveguides, which is a suitable structure for testing up to subterahertz frequencies, and on diodes coupled to microantennas for testing with a terahertz VNA in free space.
IV. CONCLUSION
Low-cost MIM diodes with an OTS layer as an ultrathin insulator have been produced successfully. Quasi-static and high-frequency analysis showed that the diodes have strong nonlinear J -V characteristics with a typical zero-bias curvature coefficient of approximately 5.4 V −1 and voltage responsivity of 1.9 kV/W at a frequency of 1 GHz. The process developed for fabricating these diodes is very cost effective, and can be readily employed in the roll-to-roll commercial production of MIM diodes on flexible substrates. Further work is ongoing to investigate the device reliability and to reduce the feature size to sub-100-nm dimensions in order to increase the cutoff frequency into the terahertz range.
